Introduction
The first meiotic prophase is divided into five sequential stages, referred to as leptotene, zygotene, pachytene, diplotene and diakinesis. Chromosome pairing is initiated during the late leptotene and early zygotene. As the stage progresses, the four chromatids are arranged and form two distinct pairs of sister chromatids, and the two chromatids in each pair are tightly aligned along their entire lengths. The synaptonemal complex (SC) is fully formed at the pachytene stage. Although such morphological changes in chromosomes and the mechanism of recombination have been well studied, we do not still understand how each chromosome recognizes and approaches its matching mate or homologue and the mechanism by which it interacts and pairs with its homologue. Regarding the latter phenomenon, double-stranded (ds) DNA has long been considered to have the ability to distinguish self and non-self. Indeed, this property of DNA was predicted about 60 years ago (Jehle, 1950; Yos et al., 1957) and was directly demonstrated a half-decade ago, when dsDNA molecules were proved to have sequence-sensing and self-assembly properties (Inoue et al., 2007) . In the following two years, other studies describing the presence of such properties in DNA were reported (Baldwin et al., 2008; Danilowicz et al., 2009) . A more recent study has revealed that nucleosomes retain this DNA sensing property and can self-assemble (Nishikawa and Ohyama, 2013) . In this chapter, we define the self-association of the same dsDNA molecules as DNA self-assembly and that of nucleosomes with identical DNA as nucleosome self-assembly. And, we will discuss the recent findings on DNA self-assembly and nucleosome self-assembly and their relationships, as putatively significant mechanisms in the early stage in meiosis.
Self-assembly in biological systems
Self-assembly is the autonomous organization of constituents into higher-order structures or assemblages, in which disordered pre-existing components form organized architectures as a consequence of specific, local interactions among the components, without external intervention. This phenomenon is widely found in the natural world, and is a fundamental mechanism in biological systems (Whitesides and Grzybowski, 2002) . A characteristic of biological selfassembly is the variety and complexity of the functions of the resulting structures (Kushner, 1969; Perham, 1975) . We see such examples in lipid bilayer formation, base pairing, protein folding, protein-protein interactions, including the formation of quaternary structures, protein-nucleic acid interactions, flagella formation from flagellin, actin assembly, microtubule and microfibril formation, and virus, organ and cell assembly (Kushner, 1969 Williams, 1955) . Generally, self-assembly occurs by the tendency of a system to move toward the state of minimum free energy, and the assemblages are the result of the thermodynamic equilibrium, which is determined by various conditions, including temperature, pH, pressure, the concentrations and/or chemical potentials of various molecules and ions (Oosawa and Asakura, 1975) and London-van der Waals forces (Jehle, 1963 ).
DNA can sense homology and self-assemble
The possibility of a nucleotide sequence-dependent, selective interaction between dsDNA fragments was first studied theoretically (Kornyshev and Leikin, 2001 ). The following scenario was depicted: sequence-dependent twist modulation leads to axial variation of the local helical pitch, which allows an electrostatically favorable alignment of two DNA fragments; as the result, only DNA with homologous sequences can have negatively charged strands facing positively charged grooves over a large juxtaposition length, and nonhomologous sequences cannot align well because they require higher energy for juxtaposition. In another model, proposed over 40 years ago, the homology recognition is based on non-Watson-Crick hydrogen bond interactions occurring between bases in the major or minor grooves (McGavin, 1971) . In still another model, proposed over 50 years ago, homology recognition is based on correlations in the fluctuating polarizations of nearby identical molecules (the London-van der Waals force) (Yos et al., 1957) .
The first experimental evidence proving that DNA can sense homology and self-assemble was obtained in 2007 (Inoue et al., 2007) . Electrophoretic analyses of thirteen different dsDNA molecules with ~100 -~800 bp lengths and an atomic force microscopy (AFM) analysis revealed that in a solution composed of heterogeneous DNA species, DNA molecules preferentially interact with the molecules bearing an identical sequence and length, and they can form assemblages (Fig. 1A) . This phenomenon efficiently occurs in the presence of physiological concentrations of Mg 2+ ions, usually several mM. Nanomolar DNA concentrations also seem Meiosis 4 to be a prerequisite for the stable formation of self-assemblages. Interestingly, curved DNA and DNA with an A-form-like conformation also exhibited the self-assembling property. Thus, this phenomenon is not specific to the usual B-form DNA, but seems to be general for all kinds of dsDNA. In 2008 (Baldwin et al., 2008) , another experimental approach confirmed this homology-sensing and pairing ability of dsDNA. In this approach, 5'-amine-modified-DNAs with ~300 bp lengths were labeled with either Alexa Fluor 555, a green fluorescent tag, or Alexa Fluor 647, a far-red fluorescent tag, condensed into aggregates, mounted on microscope slides, equilibrated for two weeks, and subjected to a confocal microscopy analysis. Interestingly, segregation of the two kinds of DNA was observed within each spherulite (discrete liquid-crystalline aggregate) (Fig. 1B) . Although the experimental conditions seemed to be far from in vivo conditions (extremely high concentrations of NaCl (> 0.5 M) and DNA were used to generate spherulites), this study succeeded in extracting a hidden property of dsDNA.
In 2009, using phage λ DNA and a parallel single molecule magnetic tweezers-based assay, an experiment further confirmed the presence of homologous dsDNA pairing (Danilowicz et al., 2009) (Fig. 1C) . This study showed that pairing can occur even in the absence of divalent cations or crowding agents. Specifically, the pairing occurred in the presence of more than 50 mM Na + or K + (the effect of the latter was generally smaller than that of the former). In 10 mM Na + , homologous pairing between λ DNA and its 5 kb fragment was not detected. However, significant homologous pairing was detected between the two at 10 mM Mg
2+
. Although a 10 mM Mg 2+ concentration may be slightly higher than the in vivo concentration (Terasaki and Rubin, 1985) , the essence of this finding was the same as that in the report by Inoue et al. (2007) . Furthermore, the detected pairs were stable against thermal forces (up to ~50°C) and shear forces up to 10 pN. Homologous pairing was detected at 1-3 nM DNA, which was also consistent with the report by Inoue et al. (2007) .
In conclusion, the three above-mentioned studies proved that dsDNA has homology-sensing ability and can self-assemble, but the mechanism underlying the phenomenon remains enigmatic. The next issue to be discussed is whether nucleosomes, the fundamental units of chromatin (Luger et al., 1997) , have sequence-dependent self and non-self discrimination properties. Regarding this, to our knowledge, no report has ever been presented. Before moving on to this subject, let's review the structures of chromatin and nucleosomes.
Nucleosomes, the fundamental units of chromatin
Chromatin provides the structural basis for all nuclear events involving DNA, such as replication, transcription, repair and recombination (Ransom et al., 2010; Svejstrup, 2010; Weake and Workman, 2010). The main building block of chromatin is the nucleosome (Oudet et al., 1975) , the core of which consists of 146-147 bp of DNA and a histone octamer of two each of the four core histones H2A, H2B, H3, and H4. The DNA is wrapped around the histones to form 1.65-1.67 turns of left-handed supercoils (Davey et al., 2002; Luger et al., 1997) . The main body of chromatin fibers has nucleosome cores, core-connecting linker DNAs (Felsenfeld and Groudine, 2003; Simpson, 1978) , and a specific complement of associated proteins such as the linker histone H1, localized at DNA entry and exit sites protruding from the nucleosome core, and architectural proteins (McBryant et al., 2006 (McBryant et al., , 2010 Thoma et al., 1979) . The simplest form of chromatin is the "beads-on-a-string" structures (10 nm fibers) formed by nucleosomes and Meiosis 6 linker DNAs (Thoma et al., 1979 
Nucleosomes can self-assemble
Our recent study (Nishikawa and Ohyama, 2013 ) strongly suggested that nucleosomes have sequence-dependent self and non-self discrimination properties, and can self-assemble. We constructed oligonucleosomes using DNA octamers or tetramers and histone cores. Each of the original DNA fragments had 177 or 209 base pairs and contained a clone of Xenopus 5S rDNA nucleosome positioning sequence or those of artificial DNA sequences designated 601 and 603. The latter two clones were selected to contain strong nucleosome positioning sequences with high affinity for histone octamers (Lowary and Widom, 1998). We used various arrangements of these nucleosomes. The resulting oligonucleosomes were then subjected to AFM observations. Interestingly, we found that the nucleosomes with identical sequences tended to associate with each other in the oligonucleosomes. However, the movement of nucleosomes in a nucleosomal array was restricted in this system. Therefore, to determine whether the same kind of association occurs in a system free from such a structural restriction, we also examined nucleosome-nucleosome interactions using bead-fixed mononucleosomes and Alexa 555-labeled mononucleosomes. In this system, association was monitored as the increase of fluorescence intensity on the beads. This assay clearly showed that associations between the same nucleosome species were preferred over those between different species. Based on the topological aspects, the contact points in the association seem to reside on the core histone proteins (Fig. 2) . It was speculated that the mechanisms underlying the selfassembly of homologous dsDNAs and those mediating the self-assembly of homologous nucleosomes may be different (Nishikawa and Ohyama, 2013 
DNA self-assembly and nucleosome self-assembly may be key players in presynaptic alignment
The pairing of homologous chromosomes begins during the late leptotene and early zygotene phases of meiosis. At first, homologous chromosomes are brought into close vicinity by some mechanism. In fission yeast, noncoding RNA seems to play this role. A recent study showed that even when homologous chromosomes are apart from each other, they can interact with assistance from noncoding RNA in fission yeast (Ding et al., 2012) . Transcriptional machinery proteins, cohesin, insulator or Polycomb proteins, may also play a similar role (Cook, 1997; McKee, 2004; Blumenstiel et al., 2008) . Subsequently, homologous chromosomes recognize each other securely and align (pair), in preparation for synapsis. This stage is referred to as presynaptic alignment, and it may involve weak, homologous, paranemic DNA/DNA interactions (Stack and Anderson, 2001 ). The finding of the self-assembling property of DNA seems to substantiate this hypothesis. However, "paranemic DNA/DNA interactions" should be reconceptualized as "paranemic chromatin fiber/chromatin fiber interactions", because the DNA sequence-dependent self-assembling property of nucleosomes has also been proved to exist. In this discussion, a chromatin fiber is the 10 nm fiber, or the beads-on-a-string chromatin fiber.
In mammals, plants and fungi, the recombination pathway is often functionally interdigitated with presynaptic alignments and synapsis. Namely, in some organisms, meiotic doublestranded break (DSB) formation and recombination are required for these processes (Zickler, 2006; Zetka, 2009 ). On the other hand, in Drosophila and C. elegans, these processes proceed in the absence of DSBs and recombination (McKim et al., 1998; Dernburg et al. 1998; Zetka, 2009) . Thus, DNA self-assembly and nucleosome self-assembly may be the essential mechanism of at least presynaptic alignment of the latter group (Fig. 3) . Furthermore, they may also function in SC formation. 
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Conclusion
In this chapter, we have described that both DNA and nucleosomes have sequence-dependent self and non-self discrimination properties, and can self-assemble. These properties of DNA and nucleosomes seem to be the key mediators of presynaptic alignment in some organisms. We hypothesize that the attractive force facilitating DNA self-assembly and nucleosome selfassembly is widely employed in many biological processes, including not only meiotic chromosome pairing but also somatic chromosome pairing, such as polytene chromosome formation in Diptera, transvection and other similar phenomena. 
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